In mammals, tumor necrosis factor receptor associated factors (TRAFs) are signaling adaptors that regulate diverse physiological processes, including immunity and stress responses. In Arabidopsis, MUSE13 and MUSE14 are redundant TRAF proteins serving as adaptors in the SCF CRP1 complex to facilitate the turnover of nucleotide-binding domain and leucine-rich repeats (NLR) immune receptors. Degradation of MUSE13 is inhibited by proteasome inhibitor, suggesting that the MUSE13 stability is controlled by the 26S proteasome. However, the E3 ligase that regulates MUSE13 level is unknown. Here we report the identification of an F-box protein, SNIPER4 that regulates the turnover of MUSE13 and MUSE14. Protein levels of MUSE13 and MUSE14 are reduced by SNIPER4 overexpression, while higher accumulation of MUSE13 and MUSE14 is observed when dominant-negative SNIPER4 is expressed. Furthermore, SNIPER4 associates with MUSE13 or MUSE14. Taken together, the SCF SNIPER4 complex controls the turnover of TRAF proteins for an optimum immune output.
INTRODUCTION
Plants and animals utilize sophisticated innate immune systems to defend against pathogen invasions. Upon infection, plant pattern-recognition receptors (PRRs) residing on plasma membranes perceive pathogen-associated molecular patterns (PAMPs) and induce PAMP-triggered-immunity (PTI) (Boller and Felix, 2009) . Successful pathogens can deliver effectors in host cells to suppress PTI and promote invasion (Jones and Dangl, 2006) . To antagonize the effects of effectors, intracellular nucleotide-binding leucine-rich repeat domain receptors (NLRs) recognize effectors directly or indirectly, the recognition of which induces a strong defense response termed effector triggered immunity (ETI). ETI is often more robust than PTI and normally leads to localized programmed cell death known as the hypersensitive response (HR). Plant NLRs are classified into Toll/ interleukin-1 receptor-like NLRs (TNLs) and coiled-coil NLRs (CNLs) based on their different N-terminal domains (Dangl and Jones, 2001; Li et al., 2015) .
Inadequate activation of immune responses can lead to disease, while over-activation of ETI may cause growth and development retardation. Thus, plant immunity has to be tightly regulated at multiple levels, especially through controlling the homeostasis of immune receptors. Posttranslational regulation via ubiquitination is a major mechanism for regulating the turnover of substrate proteins. Ubiquitination requires an enzymatic cascade mediated by three proteins: E1 (Ub-activating enzyme), E2 (Ub-conjugating enzyme) and E3 (Ub ligase) which determines substrate specificity. The reactions result in the covalent attachment of a single ubiquitin moiety or an ubiquitin chain to a substrate protein (Deshaies and Joazeiro, 2009 ). In most studied cases, ubiquitinated substrate proteins are directed for degradation via the 26S proteasome (Smalle and Vierstra, 2004) .
More recent studies have shown that ubiquitination plays a significant role in controlling the protein levels of plant immune receptors. For example, in ETI, a SKP1-CUL-LIN1-F-box (SCF) E3 complex SCF CPR1 ubiquitinates the box protein CPR1 and its substrate SNC1 or RPS2 (Huang et al., 2016) . During PTI, upon flagellin recognition, BAK1 phosphorylates a pair of U-box type E3 ligases PUB12 and PUB13. Phosphorylated PUB12 and PUB13 associate with PRR receptor FLS2 and promote its degradation (Lu et al., 2011) . The snc1 mutant contains a gain-of-function mutation in a TNL-encoding gene SNC1 (Li et al., 2001; Zhang et al., 2003) . The mutation stabilizes SNC1 and leads to constitutive immune responses without the presence of pathogens . snc1 plants display stunted growth as a result of autoimmunity. As the defense response of snc1 plants is negatively correlated with its size, the snc1 mutant has become an ideal tool for straightforward genetic screens for gene discovery. Indeed, we have conducted two series of forward genetic screens-MODIFIER OF SNC1 (MOS) and MUTANT, SNC1-ENHANCING (MUSE) (Johnson et al., 2012; Huang et al., 2013) , as well as two reverse genetic screens (Xu et al., 2014; Tong et al., 2017) , using snc1 mutants. These screens resulted in the identification of over twenty new genes regulating plant immunity at various levels.
There are over 1500 E3 ligase-encoding genes in the genome of Arabidopsis thaliana (Hua and Vierstra, 2011) , most of which without known functions (Cheng and Li, 2012) . We hypothesized that many E3s are immune regulators. Hence we conducted a reverse genetic screen to identify novel E3s that regulate plant immunity (Tong et al., 2017) . In our snc1-influencing plant E3 ligase reverse genetic (SNIPER) screen, E3s which can be induced by PAMP treatment (TAIR Microarray Expression databases), or whose promoters are targeted by master immune regulator SAR Deficient 1 (SARD1) (Sun et al., 2015) , were overexpressed in the snc1 background to screen for E3s that alter snc1-mediated autoimmunity. Here we report that an F-box protein, SNIPER4, functions in an SCF E3 complex to regulate the turnover of two redundant TRAF proteins, MUSE13 and MUSE14, for an optimum immune output.
RESULTS

SNIPER4 overexpression enhances snc1-mediated autoimmunity
To search for novel E3 ligases that regulate immune responses, we conducted snc1-influencing plant E3 ligase reverse genetic (SNIPER) screen by overexpressing E3 ligases in the autoimmune snc1 background (Tong et al., 2017) . 104 E3s, which are >1.7-fold upregulated upon PAMP treatment (TAIR Microarray Expression databases) or potentially regulated by master immune transcriptional regulator SARD1 (Sun et al., 2015) , were selected. From the SNIPER screen, overexpression of At3g48880 drastically enhanced the dwarfism of snc1 (Figure 1a) . At3g48880 encodes an F-box protein and henceforth is designated as SNIPER4. To confirm the role of SNIPER4 in immune responses, expression of the defense marker gene PR1 and PR2 was examined. Consistent with the reduced size, transgenic plants overexpressing SNIPER4 accumulated significantly higher PR1 and PR2 levels compared with snc1 (Figure 1b) , suggesting that SNIPER4 overexpression enhances snc1-mediated autoimmunity.
Interestingly, when SNIPER4 was overexpressed in the Col-0 background, all transgenic plants, even the ones with high transcript levels, were completely wild type (WT) like in regards to morphology (Figure 1c,d ). When they were tested for resistance against virulent oomycete pathogen Hyaloperonospora arabidopsidis (Hpa) Noco2 (Figure 1e ) or bacterial pathogen Pseudomonas syringae pv. maculicola (Psm) ES4326 (Figure 1f ), they again did not exhibit differences from WT. These data indicate that SNIPER4 is a positive regulator of immunity; its effect seems only obvious in the sensitized snc1 background.
Analysis of SNIPER4 homologs showed that SNIPER4 is conserved in higher plants ( Figure S1a ). Phylogenetic analysis of Arabidopsis F-box proteins showed that At4g11580 and SNIPER4 belong to the same gene clade ( Figure S1b ), although AT4G11580 and SNIPER4 only share 26% identity and 46% similarity in amino acid sequence. To examine the potential redundancy of AT4G11580, AT4G11580 was overexpressed in snc1. In contrast to dramatic effect of SNIPER4 overexpression in snc1, overexpression of AT4G11580 did not lead to observable alteration of morphology and weight in snc1 ( Figure S1c,d ), suggesting that AT4G11580 and SNIPER4 are unlikely to be functionally redundant.
SNIPER4 is part of an SCF E3 complex
Sequence analysis of SNIPER4 identifies an F-box domain at its N-terminus and a C-terminal leucine-rich repeat (LRR) domain ( Figure S1e ). F-box proteins normally function in SCF E3 complexes, acting as adaptors to connect substrate proteins to SKP1 for ubiquitination (Kuroda et al., 2002; Xu et al., 2009) . The F-box domain of SNIPER4 is predicted to associate with SKPs in SCF E3 complex, while the LRR domain mediates protein-protein interaction with its substrates (Hua and Vierstra, 2011) . From the publicly available yeast-two-hybrid dataset (Arabidopsis Interactome Mapping Consortium, 2011), SNIPER4 was found to interact directly with not only AT1G75950 (Arabidopsis-SKP1-like 1, ASK1), but also the other redundant ASK proteins AT5G42190 (ASK2), AT2G25700 (ASK3) and AT1G20140 (ASK4). To further test the interaction between SNIPER4 and ASK1, SNIPER4 and ASK1 were fused with C-terminal luciferase (C-Luc) and N-terminal luciferase (N-Luc) respectively for split luciferase complementation assay. The assay confirmed that SNIPER4 interacts with ASK1 (Figure S2) , indicating that SNIPRE4 is indeed part of an SCF SNIPER4 E3 complex.
Knocking out SNIPER4 reduces SNC1 protein levels and attenuates snc1-mediated autoimmunity
As overexpression of SNIPER4 enhances snc1 autoimmunity, we tested whether SNIPER4 knockout affects snc1 phenotypes. An exonic T-DNA insertional mutant of SNI-PER4 (Salk_031643) was obtained from the Arabidopsis Biological Resource Centre (ABRC) and was named sniper4 (Figure 2a ). Reverse transcription polymerase chain reaction (RT-PCR) showed that sniper4 mutants accumulated significantly less SNIPER4 transcripts compared with wild type ( Figure S3 ). We crossed sniper4 with snc1 to generate the sniper4 snc1 double mutant. While sniper4 plants are WT-like in morphology, sniper4 snc1 mutant shows larger size and increased plant biomass compared with snc1 plants (Figure 2b ,c). In addition, enhanced disease resistance against Hpa Noco2 ( Figure 2d ) and elevated PR gene expression ( Figure 2e ) in snc1 are partially suppressed by sniper4. In summary, sniper4 knockout partially suppresses the autoimmune phenotypes of snc1.
To examine whether SNIPER4 is a general positive regulator of plant immunity, we challenged sniper4 single mutant plants with both virulent and avirulent pathogens. Resistance to virulent pathogens Psm ES4324 and Hpa Noco2, and avirulent Pst DC3000 AvrRps4, Pst DC3000 AvrRpt2 and Pst DC3000 AvrRpm1 in sniper4 plants is comparable to that in WT ( Figure S4a-e) . The lack of observable susceptibility of sniper4 plants either is due to that SNIPER4 does not regulate basal resistance or defense response mediated by RPS4, PRS2 and RPM1, or that the effect of sniper4 knockout on immunity is too weak to be observed. Figure 1 . Overexpression of SNIPER4 enhances the autoimmunity of snc1 but has no effect in wild type Col-0. As the dramatic phenotypes of plants overexpressing SNIPER4 in snc1 background are reminiscent of muse mutants, most of which affect SNC1 homeostasis, we analyzed SNC1 protein levels in sniper4 and sniper4 snc1 plants. Western blot analysis revealed that SNC1 protein levels in sniper4 is slightly less than WT, while it is considerably less in sniper4 snc1 than in snc1 (Figure 2f ). To test whether the reduced snc1 accumulation in sniper4 snc1 is due to lower snc1 transcripts, transcript levels of SNC1 was examined. sniper4 snc1 accumulates similar snc1 transcripts as snc1 plants (Figure 2g ), indicating that SNIPER4 positively regulates the autoimmunity of snc1 by affecting the stability of snc1 proteins. When SNIPER4 is knocked out, less SNC1 protein accumulates.
Overexpression of SNIPER4 enhances disease resistance in muse13 or muse14 single mutant Since SNIPER4 is an F-box protein in an SCF E3 complex, and its overexpression enhances snc1-mediated autoimmunity, we hypothesized that SNIPER4 likely targets a negative regulator of SNC1 for ubiquitination and degradation. The phenotype of SNIPER4 overexpression line should therefore resemble that of the knockout of its substrate, while the phenotype of sniper4 mutant should be similar to that of the substrate overexpression plants. As the previous snc1 enhancer screens (Mutant, snc1 enhancing; MUSE screens) conducted in mos2 snc1 npr1 or mos4 snc1 background identify a number of negative regulators Letters represent statistical significance (P < 0.05, one-way ANOVA) among specified genotypes. Error bars indicate mean values of three replicates AE SD. ACT1 is used as internal control.
(f) Western blot analysis of SNC1 protein levels in the indicated genotypes. Total protein was extracted from 10-day-old seedlings grown on ½MS plates. SNC1 protein levels were examined using an anti-SNC1 antibody (Li et al., 2010) . Ponceau staining serves as loading control. Relative band intensity quantified by Image J is indicated below the image.
(g) qPCR analysis of SNC1 gene expression of plants from (f). Error bars indicate mean values of three replicates AE SD. ACT1 is used as internal control. SNC1 expression in sniper4 snc1 was normalized to that in snc1. SNC1 expression in sniper4 was normalized to that in WT. [Colour figure can be viewed at wileyonlinelibrary.com].
of SNC1, many of them also affect SNC1 homeostasis, they became candidates of SCF SNIPER4 substrate.
When the knockout and overexpression phenotypes of the muse mutants were compared with that of SNIPER4 overexpression and loss-of-function lines, respectively, muse13 or muse14 stood out as they resembled OX-SNI-PER4 the most (Huang et al., 2016) . Knockout of MUSE13 or MUSE14 in snc1 lead to severe dwarfism (Huang et al., 2016) , reminiscent of SNIPER4 overexpression in snc1 (Figure 1a) . In addition, single mutants of muse13 are wild type like (Huang et al., 2016) , similar to the phenotype of SNIPER4 overexpression in Col-0. Furthermore, overexpression of MUSE13 partially suppresses snc1, similar to sniper4 snc1 double mutant (Figure 2b ). Therefore, we hypothesized that the turnover of MUSE13 or MUSE14 could be regulated by SNIPER4. In support of this hypothesis, previous data suggested that the stability of MUSE13 is indeed regulated by an unknown E3 ligase since the degradation of MUSE13 is inhibited by proteasome inhibitor MG132 treatment (Huang et al., 2016) .
MUSE13 is functionally redundant with its closest homolog MUSE14. Due to genetic redundancy, muse13-2 and muse14-1 single mutants are WT-like in morphology, PR gene expression and resistance to Hpa Noco2. However, muse13-2 muse14-1 double mutants exhibit extreme autoimmunity, culminating in severe dwarfism, constitutive PR gene expression and resistance to Hpa Noco2 (Huang et al., 2016) . To test whether SNIPER4 regulates the turnover of MUSE13 and/or MUSE14, we transformed 35S::SNIPER4 in muse13-2 and muse14-1 single mutants. The prediction was that if SNIPRE4 controls the degradation of MUSE13 and/or MUSE14, SNIPER4 overexpression in muse13 or muse14 single mutant backgrounds should be able to overcome the genetic redundancy of MUSE13 and MUSE14, leading to autoimmunity. As shown in Figure 3(a,b) , SNIPER4 overexpression reduces the plant size and plant biomass of muse13-2 almost to muse13-2 muse14-1 level. In addition, overexpressing SNIPER4 in muse14-1 also displays apparent dwarfed morphology and reduced plant biomass compared with that of muse14-1 plants (Figure 3a,b) . Consistent with the reduced size, these transgenic plants exhibit enhanced disease resistance to Hpa Noco2 ( Figure 3c ) compared with muse13-2 and muse14-1 single mutants. SNC1 protein levels are higher in transgenic plants compared with that in muse13-2 and muse14-1 single mutants (Figure 3d ). Taken together, SNIPER4 does seem to affect both MUSE13 and MUSE14, with MUSE14 likely being a preferred substrate. It therefore became the most likely E3 candidate for the regulation of MUSE13 and MUSE14 turnover.
SNIPER4 regulates the turnover of MUSE13 and MUSE14
To test whether SCF SNIPER4 controls MUSE13/14 levels, we first examined whether SNIPER4 affects the protein stability of MUSE14. When MUSE14::MUSE14-FLAG was transiently co-expressed with 35S::SNIPER4 in Nicotiana (N.) benthamiana, less MUSE14-FLAG protein accumulated compared with empty vector control (Figure 4a ), suggesting that SNIPER4 negatively regulates MUSE14 levels.
To confirm the effect of SNIPER4 on MUSE14 observed in tobacco, and to test whether SNIPER4 also regulates the stability of MUSE13, we transformed 35S::SNIPER4 in Arabidopsis transgenic lines expressing either MUSE13:: MUSE13-FLAG or MUSE14::MUSE14-FLAG. As shown in reduced the levels of MUSE13-FLAG in multiple transgenic lines. RT-PCR analysis revealed that overexpression of SNI-PER4 did not alter MUSE13 transcript levels (Figure 4c ), excluding the possibility that SNIPER4 negatively regulates the transcription of MUSE13. Similarly, when SNIPER4 was overexpressed in a MUSE14::MUSE14-FLAG line, MUSE14-FLAG levels were reduced (Figure 4d ) while their transcripts were not affected (Figure 4e ). Together, SNIPER4 indeed negatively regulates both MUSE13 and MUSE14 levels. Deletion of F-box domain in an F-box protein can disrupt ubiquitination of the substrate but maintains the interaction between the F-box proteins and their substrates, yielding a dominant-negative (DN) form of the F-box protein (Yaron et al., 1998) . We therefore generated a DN form of SNIPER4 by introducing a deletion in its F-box domain through PCR. Among nine independent transgenic plants, three exhibited snc1-suppressing morphology. This is expected as knocking out SNIPER4 partially suppresses snc1 (Figure 2 ). Using one representing line, it was shown that expression of 35S::DN-SNIPER4-HA partially suppressed the dwarfism (Figure 5a ), constitutive PR gene expression (Figure 5b ) and enhanced resistance against Hpa Noco2 (Figure 5c ) of snc1, suggesting that DN-SNI-PER4-HA is functional. As shown in Figure 5(d,e) , much higher accumulation of MUSE13-FLAG and MUSE14-FLAG was observed when 35S::DN-SNIPER4-HA was transformed into MUSE13::MUSE13-FLAG or MUSE14::MUSE14-FLAG transgenic line. Taken together, SNIPER4 controls the turnover of MUSE13 and MUSE14. Overexpression of SNIPER4 leads to reduced MUSE13 and MUSE14 levels, whereas reducing SNIPER4 by overexpression of DN-SNI-PER4 results in higher accumulation of the two MUSE proteins. Relative protein abundance 
MUSE13/ACT1
(c) 
SNIPER4 associates with MUSE13 and MUSE14 in vivo
Due to the negative effects of SNIPER4 on MUSE13 and MUSE14 accumulation, we further tested whether SNIPER4 interacts with MUSE13 or MUSE14 using split luciferase complementation assay. DN-SNIPER4 was fused to C-Luc, whereas MUSE13 or MUSE14 was cloned in-frame with NLuc. Split luciferase complementation assay showed that indeed DN-SNIPER4 associates with MUSE13 or MUSE14 upon co-expression of MUSE13-N-Luc or MUSE14-N-Luc with DN-SNIPER4-C-Luc in N. benthamiana (Figure 6a,b) . In addition, when 35S::DN-SNIPER4-HA was stably coexpressed with MUSE13::MUSE13-FLAG in Arabidopsis, DN-SNIPER4-HA co-immunoprecipitated with MUSE13-FLAG (Figure 6c ). Taken together, SNIPER4 interacts with MUSE13 or MUSE14 in planta, supporting the hypothesis that SCF SNIPER4 targets MUSE13/14 for ubiquitination and further degradation.
DISCUSSION
From our SNIPER reverse genetic screen, an F-box protein SNIPER4 was identified as a positive regulator of ETI. Direct interaction between SNIPER4 and ASK proteins suggests that SNIPER4 is part of an SCF SNIPER4 E3 ligase complex. SNIPER4 was found to negatively regulate MUSE13 and MUSE14 accumulation, resulting in fine-tuned protein levels of NLRs.
The SNIPER screen is an efficient approach to identify E3s involved in plant immunity
Ubiquitination regulates almost every aspect of plant development and responses to stimuli (Duplan and Rivas, 2014) . Accumulating reports show that ubiquitination plays vital roles in plant immunity. Modifier of snc1 5 (MOS5) encodes Ub-activating enzyme UBA1 in Arabidopsis. Mutation in MOS5 suppresses the autoimmunity of snc1 and impairs defense against virulent pathogen Psm ES4326 as well as avirulent pathogen Pst DC3000 AvrRpt2, indicating the importance of ubiquitination in plant immunity (Goritschnig et al., 2007) . E3 ligases are key substrate determinants of ubiquitination reactions. A number of E3s have been shown to regulate plant immunity. For example, Ubox E3 PUB12 and PUB13 regulate the turnover of PAMP receptor FLS2 (Lu et al., 2011) . Redundant U-box E3 PUB22, PUB23 and PUB24 negatively regulate PTI (Trujillo et al., 2008) . Given the large number of E3s (>1500) encoded in the Arabidopsis genome, E3s with assigned function remain scarce. From our SNIPER screen to specifically search for immune-regulating E3s, SNIPER3/SAUL1 was the first one reported. U-box E3 SAUL1/PUB44 and its homolog PUB43 are positive regulators of PTI, the former of which is guarded by TNL SOC3. Both knockout and overexpression of SAUL1 cause autoimmunity mediated through SOC3 (Tong et al., 2017) . There are several advantages with the SNIPER screen. First, redundancy precludes discovery of redundant genes via forward genetic screen, which can be overcome by using overexpression approach. Second, sensitized snc1 enables the identification of E3 with modest phenotypes.
For example, overexpression of SNIPER4 in wild type background does not trigger observable changes in morphology (Figure 1c ) or immune responses ( Figure S4a-e) . However, overexpression of SNIPER4 drastically enhances the dwarfism and PR gene expression in snc1 (Figure 1a,  b) . With snc1 in the background, altered immunity caused by E3s can be visualized through plant size, accelerating the screen process. Despite all these advantages, E3s that regulate immune pathways other than TNL-mediated immunity may still be overlooked as snc1 specifically activates TNL-mediated immunity. This problem can be potentially solved by conducting parallel screens using other autoimmune mutants activated in different pathways as screening backgrounds.
Hierarchical organization of ubiquitination and substrate protein degradation
Degradation of E3 ligases can be mediated via in-cis (acting on itself) and or in-trans (acting on others) mechanisms by E3s. Examples of in-trans regulation of E3 ligases includes: (i) RING-type E3 Drosophila inhibitor of apoptosis 1 (DIAP1) is targeted for degradation by another RING E3 SKP2 (Bashir et al., 2004; Wei et al., 2004) , and TOME-1 (Ayad et al., 2003) during G1 phase; (iii) Degradation of Fbox protein EIN3-BINDING F-BOX PROTEIN 1 (EBF1) and EBF2 is mediated by RING E3 Constitutive photomorphogenic 1 (COP1) (Shi et al., 2016) . De Bie and Ciechanover (2011) proposed several modes of hierarchical organizations of E3 degradation, which can be mediated through either in-cis self-ubiquitination or in-trans by an external E3 in a circular manner. Alternatively, one E3 can regulate single or multiple other E3s in a linear manner, and is subjected for degradation via self-ubiquitination or another proteolytic approach. 
MUSE13 and MUSE14
Mammalian TRAF proteins are intracellular master signal transducers that relay signal from membrane receptors, such as tumor necrosis factors (TNFs) or Toll-like receptors (TLRs), to downstream effectors including nuclear factor-jB (NF-jB) and the mitogen-activated protein kinases (MAPKs) (H€ acker et al., 2011) . Germ-line and cell-specific TRAF-deficient mice studies show that TRAFs regulate diverse biological processes, including innate and adaptive immunity, stress response and embryonic development (Xie, 2013) . In human, TRAF family consists of seven members (TRAF1 to 7) with a characteristic TRAF domain at their C-termini (except for TRAF7). As a protein-protein interaction domain, the TRAF domain mediates TRAF oligomerization and interactions with downstream effectors. TRAF2 to TRAF7 also contains an N-terminal really interesting new gene (RING) finger domain, a domain shared by RING-type E3 ligases, followed by a variable number of zinc finger domains (Pineda et al., 2007) . Thus, most mammalian TRAFs serve as E3 ligases in addition to adaptors (Xie, 2013) . Post-translational modifications, including ubiquitination, regulate TRAF-mediated signaling. As most mammalian TRAFs are E3 ligases, both in-cis and in-trans ubiquitination events have been observed for these proteins (de Bie and Ciechanover, 2011) . For example, U-box E3 Act1 catalyzes the polyubiquitination of TRAF6, and K-63 linked TRAF6 is then activated which in turn mediates the ubiquitination of downstream proteins for NF-jB activation (Liu et al., 2009) . TRAF6 can also self-regulate through auto-ubiquitination. Unlike their mammalian counterparts, plant TRAF proteins are enriched in both number (>70 in Arabidopsis) and expanded diversity of domain combinations (Cosson et al., 2010) . MUSE13 and MUSE14 are the best studied plant TRAFs in immune regulation. They only contain a TRAF domain at their N-termini, lacking RING or zinc finger domains. MUSE13 and MUSE14 act as adaptors that associate NLR immune sensors (i.e. SNC1 and RPS2) with SCF CPR1 , facilitating the degradation of SNC1 and RPS2 (Huang et al., 2016) . Loss of both MUSE13 and MUSE14 causes extreme autoimmunity due to overaccumulation of SNC1, compromising plant growth and development. Previously MUSE13/14 were found to be extremely unstable; their protein levels are regulated by the ubiquitin-proteosome system (Huang et al., 2016 Microarray data show that induction of MUSE13/14 starts at 2 h post-pathogen treatment and is maintained to 24 h post-pathogen treatment (Figure 7a,b) . In contrast, SNI-PER4 is not induced until 6 h post-pathogen treatment (Figure 7c ). While pathogen invasion activates immune responses that includes upregulation of SNC1, induction of MUSE13/14 promotes the degradation of SNC1 to avoid its over-accumulation. However, at a later stage when SNC1 level is below the requirement for surveillance due to , which prevents its over-accumulation. At a later stage, when SNC1 is below the level required for proper surveillance due to degradation, expression of SNIPER4 is induced to direct MUSE13/14 for degradation to recover SNC1 in the surveillance system. Eventually, homeostasis of SNC1, MUSE13/14 and SNIPER4 reaches a balance to ensure a robust and tightly regulated immune output.
[Colour figure can be viewed at wileyonlinelibrary.com]. degradation, SNIPER4 is then upregulated to target MUSE13/14 for degradation to recover SNC1 to sufficient levels ( Figure 7d ). Such intricate regulation guarantees the proper defence output without causing autoimmunity.
Mammalian TRAFs play central roles in immunity and ubiquitination of TRAFs are critical for their function. SCF SNIPER4 is the first E3 reported to target plant TRAF proteins for ubiquitination and degradation. Like TRAFs in mammals, ubiquitination is likely a key post-translational modification for other TRAFs in plants, which would require external E3s since most plant TRAFs do not carry RING finger domains. Future studies on the roles of ubiquitination of plant TRAFs may reveal how the function and/ or turnover of these adaptor proteins are regulated.
EXPERIMENTAL PROCEDURES Plant growth
All plants, unless specified, were grown in growth rooms with climate control at 22°C under long-day regime (16 h day/8 h night).
Transcriptional analysis
Leaf tissue was harvested from plants grown on ½MS plates or soil, ground to powder with liquid nitrogen, and then used for total RNA extraction following manufacturer's protocol (Ambion). Total RNA was reversed transcribed into cDNA using EasyScript TM cDNA Synthesis Kit (Abm). RT-PCR was carried out as described previously (Zhang et al., 2003) . Expression of SNIPER4 was quantified using primers F: 5 0 -GTTGCGATCCGATTCTTTGG-3 0 and R: 5 0 -CTGGACACCTTTCTGCGGTG-3 0 . To measure the transcript levels of MUSE13, primers F: 5 0 -ATTCCTGTTGGGAGGGAACG-3 0 and R: 5 0 -CGTCTGCGGTTGAAATGCTC-3 0 were used. Primers F: 5 0 -CCTG TTAGCAAGGATCCCAA-3 0 and R: 5 0 -TACAGGTGCAGCTTGCGTTG-3 0 were used for determination of MUSE14 transcriptional levels. The primers for determination of PR1, PR2 and ACT1 transcript levels were described previously (Zhang et al., 2003) .
Pathogen infection
For Hpa Noco2 infection assays, 10-day-old or 2-week-old soilgrown seedlings were sprayed with conidia spore solution. Plants were kept at 18°C under short day condition (12 h light/12 h dark) for 7 days before the quantification of spores on plant leaves. For P. syringae infection, specified P. syringae strains were infiltrated into 4-week-old leaves of soil-grown plants. Infected leaves were harvested at 0 h (Day 0) or 72 h (Day 3) after infiltration. Bacterial titer was quantified as previously described (Zhang et al., 2003) .
Genotyping and construction of plasmids
T-DNA knockout line Salk_031643 (sniper4) was obtained from ABRC. Homozygous sniper4 mutants were identified using primers F: 5 0 -GTCCTACCGGCTTGGAACAG-3 0 and R: 5 0 -GATCACTA-CAGACATTCATTGGC-3 0 .
To generate 35S::SNIPER4, genomic sequence of AT3G48880 with 774 bp upstream of the start codon was PCR-amplified using primers F: 5 0 -CGCGGATCCGGCCGTCAAGGCCGTTCGACTGATTT GGGAATG-3 0 and R: 5 0 -CGCGAATTCGGCCCATGAGGCCTCAAA GATGAAGAGAACTCAC-3 0 . The fragment was digested with SfiI and cloned into pHAN-35S.
To create 35S:: At4g11580, At4g11580 genomic sequence was amplified by primers F: 5 0 -CGCGGATCCGGCCGTCAAGGCCCTCTT-GAATTGACTTGTCG-3 0 and R: 5 0 -CGCGAATTCGGCCCATGAGGCC-CAGCCAACAAATCTTTTCAG-3 0 , digested with SfiI and cloned into pHAN-35S.
For the construction of dominant-negative SNIPER4-HA, a deletion between amino acids Arg12 and Asn61 was introduced through site-directed mutagenesis using primers F: 5 0 -GATGG-GAAGAGTTGTTAGAGCCTTATGT-3 0 and R: 5 0 -GACATAAGGCTC-TAACAACTCTTCCCATC-3 0 . The genomic fragment of SNIPER4 containing 911 bp upstream of start codon was amplified using primers F: 5 0 -CGCGGATCCGGCCGTCAAGGCCCTTCATTTCTCTC AGTGCCCCTTTG-3 0 and R: 5 0 -CGCGAATTCGGCCCATGAGGCCAA-GATGAAGAGAACTCACTTCATCAACC-3 0 . The cloned sequence was digested with SfiI and ligated into pHAN-35S-HA.
Split luciferase complementation assay
With genomic WT DNA and pHAN-35S-DN-SNIPER4-HA construct as templates respectively, the SNIPER4 and DN-SNIPER4 were amplified using primers F: 5 0 -CGCGGATCCGGCCGTCAAGGCCA TGATGGAAGAAGAGTATGAGAGTC-3 0 and R: 5 0 -CGCGAATTC GGCCCATGAGGCCCAAGATGAAGAGAACTCACTT-3 0 . Genomic sequence of MUSE13 was amplified using primers F: 5 0 -CGCGG ATCCGGCCGTCAAGGCCATGGCAGAGGCTGTTGATGAAG-3 0 and R: 5 0 -CGCGAATTCGGCCCATGAGGCCCATGACCATTCGATGGCCT GAACTC-3 0 . To amplify genomic sequence of ASK1, primers F: 5 0 -CGCGGATCCGGCCGTCAAGGCCATGTCTGCGAAGAAGATTGTG-3 0 and R: 5 0 -CGCGAATTCGGCCCATGAGGCCCTTCAAAAGCCCATTG GTTCTC-3 0 were used. The above amplicons were digested with SfiI. MUSE14 genomic sequence was amplified with primers F: 5 0 -CGGGGTACCATGTCAGAGAGTACTAATGAAG-3 0 and R:5 0 -ACG-CACGCGTCGACGTGTCCGTTCGATGGCCTGA-3 0 , and digested with KpnI and SalI. Digestion products were ligated to the corresponding pCambia1300-35S-HA-C-Luc or pCambia1300-35S-HA-Nluc vectors. A. tumefaciens with resulting constructs were infiltrated in N. benthamiana. Infiltrated leaves were treated with 1 mM luciferin 24 h later prior recording luminescence.
Total protein extraction, western blot and Immunoprecipitation
Here, 80 mg Arabidopsis thaliana tissue was homogenized with liquid nitrogen and resuspended in 0.08 ml extraction buffer (100 mM Tris-HCl pH 8.0, 1 mM PMSF, 0.2% SDS and 2% b-mercaptoethanol) to obtain plant total protein. The extract was mixed with 1/3 volume of 49 SDS loading buffer and boiled for 7 min before western blot analyses.
The immunoprecipitation experiment was performed following a previously described procedure with some modifications (Huang et al., 2016) . Briefly, proteins from about 2.5 g leaves of 3-week-old soil-grown Arabidopsis expressing the indicated proteins were extracted using 2.5 ml extraction buffer (25 mM TrisHCl pH 7.5, 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 0.15% Nonidet P-40, 10% glycerol, 1 mM PMSF, 19 protease inhibitor cocktail (Sigma), and 1% w/v polyvinylpolypyrrolidone). Tissue lysate was centrifuged at 21 130 g for 10 min at 4°C to pellet tissue debris. Next, 25 ll anti-FLAG M2 beads (Sigma; Cat. #A2220) was added to the supernatant and incubated for 30 min at 4°C with gentle rotation for immunoprecipitation. Beads were centrifuged down at 94 g for 1 min and washed eight times with extraction buffer. The beads were treated with 1 volume of 29 SDS loading buffer and boiled for 7 min to release the bounded proteins.
SUPPORTING INFORMATION
Additional Supporting Information may be found in the online version of this article. Figure S1 . Sequence analysis of SNIPER4. Figure S2 . SNIPER4 associates with ASK1. Figure S3 . SNIPER4 transcript levels in sniper4 mutants. Figure S4 . sniper4 knockout plants do not exhibit enhanced disease susceptibility.
